We are developing innovative heat pipes based on Nano-Structured Titania (NST) with a potential for high heat carrying capacity and high thermal conductivity. These heat pipes have a flat geometry as opposed to a cylindrical geometry found in conventional heat pipes. The flatness will enable a good contact with microprocessor chips and thus reduce the thermal contact resistance. We refer to it as a Thermal Ground Plane (TGP) because of its flat and thin geometry. It will provide the ability to cool the future generations of power intensive microprocessor chips and circuit boards in an efficient way. It also brings the potential to function in high temperature (>150 0 C) fields because of its high yield strength and compatibility [1].
The TGP is fabricated with Titanium. It adopts the recently developed high aspect ratio Ti processing techniques [2] and laser packaging techniques. The three main components of the TGP are 1) a fine wick structure based on arrays of high aspect ratio Ti pillars and hair like structures of Nano-Structured Titania (NST), 2) A shallow Ti cavity welded onto the wick structure and 3) the working fluid, water, sealed between the cavity and the wick. The heat carrying capacity and the thermal conductivity of a heat pipe are generally determined by the speed of capillary flow of the working fluid through its wick. The TGP wick has the potential to generate high flow rates and to meet the growing challenges faced by electronics cooling community. The TGP wick structure, developed by etching high aspect ratio pillars in a titanium substrate and growing nano scale hairs on the surface of the pillars, is super hydrophilic and capable of wicking water at velocities ~ 10 -2 m/s over distances of several centimeters. The thermal conductivity of the current TGP device was measured to be 350 W/m K k = ⋅ . The completed TGP device has the potential of attaining a higher conductivity by improving the wicking material and of carrying higher power density.
Washburn equation [3] for dynamics of capillary flow has been employed to explain the results of our experiments. The experiment shows a good agreement with Washburn equation.
INTRODUCTION
Cooling devices such as heat sinks, fans and heat pipes have long been utilized for cooling microprocessor chips [4] . Heat pipes have been of particular use in cooling highly power intensive chips because of their high thermal conductivity and the capacity to carry high amounts of heat [5] . The high heat carrying capacity of a heat pipe is due to the phase change of its working fluid. The working fluid evaporates after absorbing heat from the hot end and flows towards the cold end, condensing thereby. A very fine wick structure on the internal wall of the heat pipe brings the condensate back from the cold end towards the hot end by capillary action.
There are three main components of a heat pipe: a tightly sealed cavity, a working fluid and a wick structure on the internal walls of the cavity. The tightly sealed cavity is filled with a working fluid such as water or ammonia etc. depending on the heat load and operating temperatures. The evaporator end of the heat pipe is placed in firm contact with the object that needs cooling. As a result of heating, the working fluid inside the heat pipe gets vaporized. The higher vapor pressure at the evaporator end sets up a flow of vapor towards the condenser end. The heat is removed from the condenser end with the help of external cooling methods such as convection. As a result of cooling, the vapor condenses and fills the wick structure situated at the internal walls of the heat pipe. The high capillary pressure generated by the wick structure causes the condensate to flow back towards the evaporator region and the same cycle is repeated continuously yielding a method of transporting high amounts of heat. Since the latent heat of evaporation of the working fluid is very high, heat pipes can transport much higher amounts of heat than a solid rod of the same metal.
Heat pipe is an essential part of any contemporary laptop cooling system because of the high power dissipated by modern microprocessor chips. Generally the heat pipes are made of copper with a fine copper wire mesh on the internal walls. The most common cross section of the heat pipe cavity is circular. Such cylindrical heat pipes can not make a good contact with microprocessor chips and thus suffer from high thermal contact resistance. Although the copper heat pipes are malleable and can be pressed flat but this process deteriorates the wick structure and leads to poor heat carrying capacity and poor thermal conductivity. Apart from this, only a poor flatness can be achieved by pressing. The future generations of computer chips will dissipate even higher amounts of heat and therefore, it is desirable to make a heat pipe which has flat walls and can make firm contact with the microprocessor chip.
Another essential part of a heat pipe is the porous wick structure. The porosity of the wick is very important for the flow of the condensate from the condenser to the evaporator region. The capillary pressure in the fine pores of the wick cause the condensate to flow. However, the pore size in a copper wire mesh depends on the diameter of the wire and the method of meshing. Generally, this kind of mesh has macroscopic pores and is not fine enough for supporting high heat fluxes needed in future. There is clearly a need for reducing the pore size in the heat pipe wick.
In this project we have developed a highly hydrophilic flat surface (called thermal ground plane (TGP)) with a capacity to transport liquids over a distance of several centimeters with high flow velocities (~1 cm/s). We have etched micro size pillars in a titanium substrate to create a porous surface. These pillars create the capillary pressure required for condensate flow. Furthermore, titanium pillars were oxidized in 30% hydrogen peroxide for creating a film of Nano-Structured Titania (NST) on the pillar surfaces. NST has a hair like geometry and presence of NST on a pillar improves wetting of is surfaces.
DEVICE GEOMETRY
The thermal ground plane (TGP) is based upon microfabrication of titanium. It features a highly hydrophilic nano-scale wicking surface to achieve high performance heat transfer. The overall thickness of the device is less than 1 mm (Fig. 1) . Currently it has an approximate area of 3 cm x 3 cm but its area can be expanded easily and heat can be transported over longer distances. The overall weight of the device is ~3.4gm. The Ti pillars are 5 µm in diameter and the wall to wall gap between pillars is 5 µm. The height of the pillars is 50 µm. The characteristic dimension of NST hair on the pillar surface is about 200 nm.
FABRICATION PROCESS
Bulk titanium processing techniques have been developed since 2001 for harsh environment microsystems such as mirrors [2] , electrodes [6] and relays [7] . Argon and chlorine are usually utilized for dry etching of Ti [2, 8] . For the TGP device, we use well polished, commercial grade 1 (CP1) Ti substrates. The fabrication process for making Ti pillars starts with SiO 2 -masked deep etching of a 300 µm thick Ti substrate using Inductively Coupled Plasma (ICP) etch in an Ar/Cl 2 ambience. The SiO 2 layer is approximately 3 µm thick (Fig. 2 ).
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Fig. 2: Process flow for fabricating Ti pillar arrays.
After the deep etching of Ti is done, the sample is oxidized in a 30% solution of hydrogen peroxide at 83 0 C to obtain the Nano-structured Titania (NST) hair at the pillar surfaces and the bottom floor surface. NST fabrication, however, is a challenging task and poses several difficulties. For example, peeling of the NST layer from Ti surface is often observed when the sample is dipped into hydrogen peroxide right after the deep etch. We believe that it's TiCl x passivation layer and the native oxide that inhibit the robust formation of NST. To minimize this problem, we need to apply an isotropic etch to successfully remove the sidewall passivation layer (and contaminants). A high pressure plasma system which can etch away both the top SiO 2 masking material and the sidewall passivation layer (and contaminants) will be ideal for this purpose. This is realized with a Technics PE IIA plasma etcher (100 kHz RIE) with a CF 4 :O 2 chemistry (85:15). With this system an oxygen cleaning procedure (100W, 300 mTorr, 1 minute) is first applied to the samples to remove the hydrocarbon that may come from air; then the CF4:O2 chemistry (85sccm:15sccm) is applied (300W, 300mTorr, 15minutes) to etch away the top masking material and the side wall passivation layer/contaminants and expose the fresh Ti surface. Following this etching step the same oxygen cleaning procedure is applied again to remove the possible CF 4 accumulation on the pillar sidewalls. A very thin layer of TiO 2 may form on the sample surfaces. However, it does not affect NST formation in the following oxidization procedure.
A wicking substrate was micro-fabricated in titanium and its wetting performance was characterized. An SEM image of the nano-scale surface is shown in Fig. 3 . Pillars 50 microns in height and 5 microns in diameter are etched into Ti with a wall-to-wall gap of 5 micron. The Ti pillar arrays are oxidized to produce a ~200 nm Nano-Structured Titania (NST) (Fig. 4) . The NST structure enhances the wetting of the Ti posts. The ~200 nm NST helps the water to locally wet the micro-scale pillars. Once wetted, the ~5 micron pillars create capillary action over the centimeter scale. The combination of these multiple length scales creates a super hydrophilic structure. 
DEVICE PACKAGING BY LASER WELDING
The thermal ground plane system has to be isolated from environment in order to avoid pressure dropping and vapor leaking. The performance of the TGP significantly depends on the quality of packaging. In this research a new technique for packaging the TGP was invented. A major problem with current packaging techniques, such as thermo-compression and flip chip bonding, is the degradation of reliability caused by the excess stress due to thermal mismatching during bonding processes. In this new technique we apply a laser as a local and rapid heating approach instead of heating the whole device to hermetically weld titanium.
A pulsed wave YAG laser (Neodymium-Doped Yttrium Aluminum Garnet, Nd: Y3Al5O12) with a wavelength of 1064nm is applied as a heat source to locally weld a 30mm x 30mm titanium square lid to a titanium substrate which is shown in Fig. 5 . The applied laser parameters are shown in table 1. The hermeticity of the packaged device achieved the leaking rate of 10 -11 std cm 3 /sec using the helium leaking method. This hermeticity level perfectly seals the TGP cavity from environment.
For preliminary experimentation, a hole (1.8mm in diameter) was drilled into the welded package for water charging. The cavity was charged with a measured quantity of water at atmospheric pressure. The quantity of water was just sufficient to fill the pores up to top of the pillars at vapor pressure at 100 0 C. After filling of water, the inlet hole was covered with a small piece of Ti (3mm x 3mm) and sealed with epoxy to obtain a TGP device. 
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THEORY AND EXPERIMENS
1 Theory of Dynamics of Capillary Flow
The TGP wick is much different from usual porous media, such as soil, which consist of random packing of sand grains. The pores in the usual porous media (such as soil) are endless in their complexity and variety and thus a macroscopic permeability is defined for such porous media. The flow of liquid through such complex porous media is generally characterized by Darcy's equation [9] , according to which, the velocity of liquid through a porous medium is proportional to its permeability, to the applied pressure gradient, to the cross sectional area of the porous medium and inversely proportional to the viscosity of the liquid. However, the titanium wick of our TGP heat pipe has a very regular structure and its pores have a defined shape. Therefore, for the sake of a simplified theoretical analysis, we choose not to treat our wick as a porous medium; instead, we treat our wick as a group of identical rectangular capillary tubes. As a result, we can use Washburn's equation for capillary flow dynamics.
Washburn [3] analyzed the dynamics of capillary flow in 1921. He showed that the speed of a fluid penetrating a narrow cylindrical capillary under its own capillary pressure is given by, cos 1 4
where x is the length of penetration, t is the period of penetration, r is the radius of the capillary, γ is the surface tension of water, η is the viscosity of water and θ is the contact angle. In other words, the speed of penetration is proportional to the radius of the capillary, to the cosine of the angle of contact, to the ratio of the surface tension to the viscosity of the fluid and inversely proportional to the length already filled by the fluid.
For a simple analysis of our TGP wick, we will approximate our array of titanium pillars as a group of rectangular capillaries. The modified Washburn equation for a planar geometry can be written as,
where w is width of the capillary (i.e. the gap between the two walls of the capillary tube). The height of the capillary (i.e. the distance between the other two walls) is assumed to be large and thus does not play any role in this equation.
In our TGP wick, since the gap between the pillars is much smaller than the height, the effective capillary pressure and the wicking speed will be determined by the gap which is 
In order to use this equation, x must have units of meter and t must be in second. We don't have a theoretical estimate for contact angleθ . We will try to estimate the contact angle by comparing theory with our experiments later.
Measurement of Capillary Flow Through TGP wick
In addition to theoretical estimation, the wicking speed was also measured experimentally. A drop of water was placed at the edge of the wicking substrate. The experiment was performed at room temperature. The drop collapses on the substrate and water starts traveling into the pores (Fig. 6 ). The flow of water through the pores was recorded with a home digital camera at 15 frames per second and the front boundary of water was tracked. The distance traveled by water (i.e. the length of the wetted region) has been plotted as a function of time (Fig. 7) . The water travels about 18 mm in 5 seconds.
A curve of the form 1/ 2 x ct = is fitted to the data using the method of least squares. The least square analysis yields 
This particular form was chosen for curve fitting because this is the form of the solution of Washburn equation (Eq. 1). The match between the experiments data and the least square curve indicates good match between experiments and Washburn theory (Fig. 7) . 
Determination of Wicking Speed
The experimental value of the flow speed dx dt was determined by differentiating the least square curve (Eq. 4) found in the previous section. After differentiation and some algebra, we get 
Theoretical Estimate of Heat Carrying Capacity
The rate of evaporation of the fluid in kg/s as a result of heating is given by
where q is the power input in Watt and fg h is the latent heat of evaporation of the fluid in J/kg.
The mass flow rate of capillary flow through the wick structure is given by
where ρ is the density of the fluid, v is the wicking speed (given by Eq. 2) and p A is the combined cross section area of the pores in the wick.
By equating the two preceding mass flow rates, we can find the maximum power that the heat pipe can carry without drying out (i.e. running out of capillary flow to sustain the evaporation),
Substituting for the wicking speed v from the modified Washburn equation (Eq. 2) yields max cos 6
where L is the length of the heat pipe, i.e. the length over which the heat is the transported. The heat carrying capacity decreases with the length of the heat pipe. For water at its boiling temperature (100 0 C), we have 2256. (Fig. 8) .
Supposing we have a bad case that the wicking material just starts to dry out at a narrow line-like spot under heat supply, then water will flow under capillary pressure to fill the dry out place. We can calculate the heat carrying capacity for a high representative velocity of 20 mm/s. The combined pore cross section area can be found in the following way: since the pore width and the diameter of the pillar are equal, the combined width of the pores is half of the TGP width (which is 3 cm). The height of pores is about 50 µm. This yields a combined cross section area of 
Experimental Measurement of Thermal Performance
In the previous sections, we made theoretical estimates for heat carrying capacity (~36.5 W) based on a dry out case. We have also performed some experiments and found that the current TGP device shows highest performance at a power input of 7.2 W and yields a thermal conductivity of 350 W/m-K. Washburn theory does a decent job at predicting the wetting speed and thermal characteristics; we can make meaningful projections about the performance of our TGP device based on this theory. We can find the conditions under which we can achieve high heat carrying capacity and high thermal conductivity. Some ways to improve the heat carrying capacity and the thermal conductivity are discussed in the following section.
Potential for High Heat Carrying Capacity
A thought experiment shows that the heat carrying capacity of our preliminary TGP is relatively low (~ 36.5 W). In a good case without drying out the evaporation area will be 1cm X 2cm (or 2x10 -4 m 2 instead of 7.5x10 -7 m 2 ), the heat carrying capacity could be at least two orders higher than the drying out case according to Eq. 8.
Even in the drying out case, however, it has a potential to go up by two orders of magnitude. We can significantly increase the heat carrying capacity of our TGP by increasing the cross section area of the pores (Eq. 8). It can be done by increasing the pore size (i.e. the gap) and the height of the pillars. By improving the titanium etching process, we will be able to create up to 100 µm tall pillars. Apart from this, we plan to have a gradual distribution of the pore size, from 5 µm in the evaporator region to 120 µm in the condenser region. In the evaporator region we need very high capillary pressure ( ) in order to sustain the evaporation; therefore, we need to have really small pores. However, in the condenser region we don't need high capillary pressure and thus we can minimize the viscous losses ( ) by having really large pores. In this way, not only can we increase the effective pore area but also the wicking speed. The heat carrying capacity is proportional both to the cross section area and to the wicking speed (Eq. 8). We estimate that by making some of the preceding improvements we can achieve a heat carrying capacity above 200 Watt.
The above calculation is based on an ideal case in which we did not consider gas compatibility issue, the resistance caused by thermal interface material, and the effects due to the space of the vapor flow region. Each of these factors will place a role to affect the performance of the TGP device. Further designs and experiments are needed to investigate their effects according to different dimension and material selections.
Potential for High Thermal Conductivity
Experiments show that the thermal conductivity of our current TGP device is about 350 W/m-K. This is of course lower than the existing copper heat pipes. Conventional copper heat pipes have thermal conductivities which can be thousand times higher than the conductivity of a copper rod [8] . But our current TGP device is very preliminary and has a potential to achieve a much higher thermal conductivity. In future, we plan to reduce the thickness of the bottom substrate to the range of 25~125 µm. This will reduce the thermal resistance. This modification will improve the thermal conductivity significantly. The thermal conductivity is also proportional to the heat carrying capacity of the heat pipe. In a previous section, we had explained how we can increase the heat carrying capacity by two orders of magnitude. By combining these improvements, we can increase the effective thermal conductivity of our TGP by 1 to 2 orders of magnitude. We estimate that a conductivity of 2000 W/m-K is achievable for our TGP device.
CONCLUSIONS
We have developed an innovative, thin, flat heat pipe using flat substrates of Ti metal. The heat pipe has been named Thermal Ground Plane (TGP) because of its flat and thin geometry, a quality desirable in compact but power intensive laptops. A high performance wick was created by etching micro pillars in titanium and by growing hair like Nano-Structured Titania (NST) on the pillar surface. High wicking speeds (2-25 mm/s) were observed through the pores of the wick and water was successfully transported over macro scale distances (~3 cm). A preliminary TGP device was able to spread a heat load of ~7 W with a thermal conductivity of 350 W/m-K. Washburn's theory of capillary flow was used for verifying the experimental results. It was found that the experimental data fits Washburn theory very well and thus motivates us to make projections based on this theory. We predict that, by making some improvements in the wick design, we can increase both the heat carrying capacity and the thermal conductivity of the TGP. Further work is being carried out to improve the heat carrying capacity and the thermal conductivity. Once completed, such a TGP device will provide the ability to cool future generations of computer chips.
